Introduction 29
Nitrogen (N) fixation by legumes (Fabaceae) is of vital agronomic importance. On a 30 global scale, the legume-rhizobia symbiosis, contained within specialised organs called 31 root nodules, is thought to add at least 30 Tg N annually to agricultural land (Herridge 32 et al. 2008 ). At present, legume crops account for ~15% of utilised arable land area 33 (FAO, 2013) , constituting the primary source of dietary protein for a substantial 34 proportion of the human population. Legumes are also an essential component of many 35 pasture systems; improving the protein content, nutritional value and uptake of forage, 36 as well as providing ancillary benefits to the structure and long-term fertility of soils 37 (Parsons & Chapman, 1999) . In temperate regions of Europe, Oceania and the 38 Americas, clovers (Trifolium spp.) are the most important pasture legume. Surprisingly, 39
given the agricultural importance of clover, little attention has been paid in recent 40 decades to the fact that Trifolium spp. are amongst the most sensitive known to ground- At present, background levels of tropospheric ozone are high enough to damage 47 sensitive crops across the Northern Hemisphere (Mills et al. 2011a) , with a mean 48 concentration of 30-40ppb representing a doubling of the pre-industrial background 49 (Vingarzan, 2004) . In respect of its threat to agricultural production and food security, 50 tropospheric ozone is the most important air pollutant (Avnery et al. 2011; Mills et al. 51 2011a; Wilkinson et al. 2011) . Ozone damage occurs in plants via the induction of 52 oxidative stress, leading to foliar injury, impacts on gas exchange, photosynthesis, 53 growth and eventual yield (Wilkinson et al. 2011) . 54
Grassland systems and constituent species have been identified as particularly 55 sensitive to ozone pollution (e.g. Hayes et al. 2007; Mills et al. 2007 ). Indeed, 56 numerous studies have highlighted the complex response of managed grasslands to 57 ozone (for reviews see Bassin et al. 2007 & Fuhrer, 2009 , with pasture forage 58 susceptible to reductions in quality and yield, as well as shifts in species composition, 59
with uncertain effects upon the carbon (C) sink strength of grassland systems (see Mills 60 et al. 2012) . Most previous experiments on ozone effects on clover were conducted in 61 brassinosteroids and jasmonic acid (JA) suggested as likely candidates for the SDI 85 signal (Mortier et al. 2012) . Nodulation is also determined by local hormonal 86 regulation, with JA, abscisic acid (ABA) and ethylene together acting as local negative 87 regulators of nodule initiation (Mortier et al. 2012) . 88
Ozone-impacts on nodulation or N-fixation have been shown in several legumes 89 including soybean (Tingey & Blum, 1973 Stomatal conductance (gs) of both cultivars was determined at intervals throughout the 171 growth season across all ozone treatments in naturally fluctuating climatic conditions. 172
All measurements were made using a porometer (AP4, Delta T Devices, Cambridge, 173 UK), between 10:00-16:00h, on the abaxial surface of leaves displaying <10% ozone 174 injury and senescence. Solardomes were visited in random order, and measurements 175 were made in the presence of ozone. Soil moisture content was determined after every 176 measurement with a hand-held soil moisture probe and sensor (ML2x ThetaProbe, HH2 177 Moisture Meter; Delta T Devices, Cambridge, UK). 178
179

Biomass harvest 180
After 12 weeks of growth, the shoot, root and nodule mass of the plants from each 181 cultivar was harvested. Shoot biomass was harvested for the entire pot in October. For 182 rapidly-growing Merviot, a mid-season harvest of shoot biomass was also performed in 183 late August after 7 weeks exposure by cutting back to 7cm. Below-ground biomass was 184 determined from a representative quarter of each pot, due only to the extensiveness of 185 the root system. Furthermore, below-ground biomass was determined in treatments 1, 4 186 and 7 only, as harvest of the roots took almost 3 weeks; even with cold storage, it was 187 considered inappropriate to store soil samples for longer than this due to the re-growth 188 or decomposition of root material. Nodules were excised from the root system, counted 189 and weighed. Shoots and roots were dried for a minimum of 48 hours at 60˚C or until 190 constant mass was achieved. Nodule biomass was air dried and sized into two 191 categories based on maximum length (<0.1-0.7mm; 0.7->1.5mm Mass-per-nodule, root:shoot, total biomass and root:total biomass were also determined. Assessments of system nitrogenase activity were performed on Crusader in treatments 1 206 and 7, using a method adapted from Lindstrom (1984). Two weeks prior to the assay, 207 two sealable 400ml plastic bottles, with the bottom removed and fitted with a gas 208 septum, were inserted to a depth of 2cm into the centre of each pot. For the assay, a 209 10% acetylene atmosphere was generated inside one bottle by removing 10% of the air 210 and immediately replacing it with acetylene gas (BOC, Guildford, UK). The second 211 bottle acted as a control to determined baseline ethylene generated from the soil. 212
Acetylene was stored and transported to the solardome facility in inert gas bags 213 (SUPELCO, Bellefonte, US), which were vented to the atmosphere and flushed through 214 with N 2 after use. 15 ml gas samples were taken from the bottles at 0, 4 and 8 and 24 215 hours, with a 1ml sub-sample analysed for ethylene content using a mass-selective 216 detector (Model 6890, Agilent Technologies, Santa Clara, US). Ethylene peak area was 217 determined using G17O1DA analytical software (version D.00.00.38; Agilent 218
Technologies, Santa Clara, US). Two assays were performed, in similar climate 219 conditions, in the 10 th and 11 th weeks of exposure. 220
221
Statistical analyses 222
The precise ozone control system used in the solardomes allowed small changes in 223 ozone profile to be simulated, facilitating dose-response analyses. We note that the lack 224 of treatment replication may raise concerns about pseudo-replication. However, we 225 believe the benefit of using more treatments outweighs this limitation, 
Biomass harvest 268
Both cultivars had highly significant ozone-induced reductions in root biomass per pot, 269 with a decrease of 61% in Crusader (p=0.01) and 63% in Merviot (p=0.01) in the 270 highest ozone treatment 7 relative to the lowest treatment 1 (Figure 3a) . End-of season 271 shoot biomass for each cultivar, and shoot biomass of two individual harvests of 272 Merviot, did not display any significant responses to ozone (Figure 3b) . The reduction 273 in root biomass also manifested as proportional declines in root:shoot and root:total 274 biomass ratios for both cultivars ( Figure 3c ; Table 2 ). Each cultivar also had reductions 275 in nodule number per pot, with a significant decrease of 36% in Crusader (p=0.02) and 276 reduction of 32% in Merviot (p=0.09) (Figure 3d (Figure 3e ) and a 60% reduction in nodule mass per pot (p=0.002) (Figure 3f ) 281 relative to treatment 1. In contrast, nodule size, mass-per-nodule and nodule-mass-per-282 pot in Merviot were unaffected by increasing ozone (Figure 3e, f, Figure 4b ). However, 283
Merviot displayed increases of 128% in nodule number (p=0.01) and 133% in nodule 284 mass, per gramme of root material (p=0.02), in the high ozone treatment 7 compared to 285 treatment 1 (Table 2) . Both Crusader and Merviot experienced a decline in total 286 biomass, with a 13% reduction in the former (p=0.08) and a significant 25% reduction 287 in the latter (p=0.01). 288 289 ARA 290
In both assays, a small amount of ethylene was detected after 0 hours, less than 1% of 291 the amount present at the end of the incubation (not shown). In the week 10 assay, mean 292 ethylene evolution per cm 2 of soil surface showed a trend for a reduction in treatment 7 293 after 4 hours incubation compared to treatment 1 (p=0.06, Figure 5a) . In week 11, 294 ethylene evolution per cm 2 was significantly reduced in treatment 7 after 8 hours 295 (p=0.05, Figure 5b) . No ethylene was detected in either assay after 24 hours. 
